Iron deficiency chlorosis (IDC) reduces total soybean [Glycine max (L.) Merr.] production in the USA by several million metric tonnes each year. Although IDC-tolerant soybean varieties are available, variety screening is difficult and does not always provide reproducible results. More robust screening methods are needed, but it is unclear how soil properties impact varietal responses to IDC. This study evaluated genotype by environment (G 3 E) interactions among nine IDC-tolerant soybean genotypes and one moderately tolerant genotype in IDC prone environments in Minnesota to determine which environmental factors most affect this putative G 3 E effect. Although visual severity of IDC within environments varied from moderate to severe over time, relative genotypic responses were similar, indicating that the timing of IDC ratings may not be critically important in ranking varieties for IDC. Across all environments a highly significant G 3 E interaction for yield was discovered, with soil factors creating a larger impact than year to year variation. Moreover, G 3 E interactions were found for visual IDC scores even when significant effects on yield were not found, indicating that variety screening based on IDC scores requires multiple locations to be predictive. Seed quality characteristics, as measured by protein and oil concentrations, were significantly affected by genotype, environment, and their interaction; however, these traits are likely indirectly affected by IDC through its effect on yield. A linear model based on three common soil chemical factors was developed to help predict future IDC severity by soil analysis alone.
I
RON DEFICIENCY CHLOROSIS is a common and econom ically important yield-limiting factor for soybean produced in the North Central USA. Yield losses have been estimated to cost producers at least $120 million annually (Hansen et al., 2004) . As soybean production has expanded throughout high pH regions of western Minnesota and the Dakotas, the scope of this problem has grown. Although IDC only occurs when soil pH . 7.2, many high pH soils (often termed calcareous soils) do not display IDC symptoms (Hansen et al., 2004) . Soil properties associated with IDC have been studied for decades; however, clear determination of which factors affect IDC and their relative importance is yet unknown. Several soil factors have been noted as contributors of IDC symptoms including soil carbonates (Inskeep and Bloom, 1987; Morris et al., 1990) , specifically HCO 3 2 , (Inskeep and Bloom, 1984; Coulombe et al., 1984a) (Franzen and Richardson, 2000; Morris et al., 1990) , iron (Fe) oxide concentration in the soil (Morris et al., 1990) , and diethylenetriamine pentaacetate (DTPA)-extractable Fe, chromium (Cr), soluble salts, and soil water content (Hansen et al., 2003) .
Many management strategies have been studied to reduce the severity of IDC. Foliar sprays (Goos and Johnson, 2000; Penas et al., 1990; Randall, 1981) , Fe seed treatments (Wiersma, 2005; Goos and Johnson, 2001; Karkosh et al., 1988) , increased seeding rates (S.L. Naeve, unpublished data, 2002; Goos and Johnson, 2000; Penas et al., 1990) , and companion crops (S.L. Naeve, unpublished data, 2002) have all shown limited promise as management practices. Variety selection, however, appears to be the most reasonable method available to farmers for reducing losses from IDC Johnson 2001, 2000) . Producer respondents to a 2002 survey of IDC and IDC management practices in Minnesota overwhelmingly chose variety selection as a primary management practice (Hansen et al., 2003) .
Iron deficiency chlorosis varies spatially and tempo rally. Within production fields, symptoms can vary from severe to nonexistent within a meter due in part to soil heterogeneity. Chlorotic areas can grow and shrink in unpredictable patterns throughout the growing sea son, and severity of IDC within a single field can vary from year to year. The unpredictable nature of this dis order makes screening of lines and varieties difficult (Diers et al., 1991; Niebur and Fehr, 1981) . Many state variety testing programs do not evaluate entries for IDC tolerance. Of those states that do screen, often only one environment is used. Due to soil heteroge neity, IDC screening is conducted with hill plots or in microplots and uses visual IDC scores only. Yield test ing under IDC conditions is not usually performed by soybean-breeding programs or cultivar evaluation trials in the USA.
Results of genotype by environment (G 3 E) studies with IDC have been mixed. Niebur and Fehr (1981) evaluated genotypic responses to calcareous and noncalcareous environments with the addition of foliar applied chelated Fe to remove the confounding effect of IDC itself. They concluded that selection for yield, quality, and harvest traits can be made among IDCtolerant lines in noncalcareous environments. Jessen et al. (1988) and Coulombe et al. (1984b) found field IDC scores to be highly correlated with analogous scores from nutrient solution systems. Both systems used increased HCO 3 2 concentration in nutrient solutions to
Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
increase IDC severity. Charlson et al. (2003) , however, found visual IDC scores among F2:4 derived lines to vary substantially when grown at two locations with calcareous soils. The authors found three single sequence repeat markers to be associated with IDC scores in each environment. However, each environment was associat ed with three distinct markers, clearly demonstrating a strong G 3 E interaction down to the molecular level. Morris et al. (1990) examined three genotypes with a broad range of IDC tolerance on calcareous soils from Texas in a greenhouse experiment. They found a differ ential response to individual soil factors by genotype. A better understanding of G 3 E effects among highly toler ant genotypes on IDC prone soils is needed. While variety selection is the primary tool for managing IDC, Minnesota soybean producers are increasingly con cerned about the quality of variety ratings for IDC. Pro ducers often report that varieties perform differently on their farms than stated by seed companies or public va riety testing programs, which implies that a G 3 E in teraction may be at play. Varieties may be tested across too few years, as soybean varieties are hastily brought to market, or perhaps varieties are simply screened for IDC tolerance in too few locations. Development of more robust testing strategies is essential.
The objectives of this study were to investigate wheth er (i) IDC scores can be recorded at any time during the early season, or if genotypes recover from IDC at dif ferent rates, (ii) a G 3 E interaction for soybean yield is present among IDC-tolerant varieties produced on a range of IDC prone soils, (iii) year or environment has greater influence on IDC tolerance, (iv) IDC scores are good predictors of genotypic performance across a range of IDC prone environments, and (v) IDC affects soybean seed protein and oil concentration directly, or through a complex G 3 E interaction. A sixth objective was to develop an IDC index based on common soil chemical parameters to predict IDC severity. These objectives were tested by growing nine IDC tolerant and one mod erately tolerant commercial soybean variety on 11 differ ent IDC prone soils over 3 yr and examining the resulting G 3 E interactions. 
MATERIALS AND METHODS
Thirteen field locations in western Minnesota were selected for studies in 2002 through 2004 in four counties-Wilken, Grant, Swift, and Chippewa. Soils in the area are derived from lacustrine deposits and glacial tills. Locations were identified based on occurrence of IDC in previous soybean crops as observed by farmer cooperators. Location selection criteria included the identification of sites with a range of soil types and soil chemical properties. Composite soil samples (50, 0-15 cm cores) were collected from these georeferenced locations at the time of planting. Samples were oven-dried at 408C, ground (,2 mm) and analyzed by standard soil tests for available nu trients (Dahnke, 1988) , EC by 1:1 soil/water method (USDA, 1954) , DTPA-extractable Fe (Lindsay and Norvell, 1978) and calcium carbonate (CaCO 3 ) equivalent (Williams, 1949 (Orf et al., 2002) . Nine highly tolerant and one moderately tolerant genotype (Stine 1007-4) were selected. Asgrow AG0801 was selected as a reference genotype as it has been widely grown and generally known to be the most IDC-tolerant, high-yielding, glyphosate-tolerant genotype in its maturity range.
Soybean genotypes were planted in a randomized complete block design in four 76-cm rows with a small-plot, cone-type research drill. Plots measured 7.6 m in length. Plots were seeded at 457 000 seeds ha 21 . All locations were planted be- Visual IDC scores were recorded, where 1 5 green and 5 5 severe chlorosis with some necrosis (Cianzio et al., 1979) . In 2002, visual IDC scores were recorded on 21 June, 3 July, 12 July, 24 July, and 3 August (IDC Scores 1, 2, 3, 4, and 5, re spectively). In 2003, visual scores were recorded on 1 July, 16 July, and 29 July (IDC Scores 2, 3, and 4, respectively). In 2004, visual scores were recorded on 1 and 20 July (IDC Scores 2 and 4, respectively). Relative leaf chlorophyll concentrations were measured with a Minolta SPAD-502 chlorophyll meter (Minolta, Ramsey, NJ) by examining five fully expanded leaves in 2002. Relative leaf chlorophyll concentrations were correlated with visual ratings (r 2 5 20.93) and were not re ported here. Similarity of these methods has been demon strated by others (Hansen et al., 2003; Cianzio et al., 1979) ; therefore, chlorophyll concentrations were not recorded in 2003 or 2004.
The two center rows of each plot were harvested with a small-plot combine. Grain mass and moisture concentration were recorded in-field, and a 1-kg subsample was retained for further analysis. Protein and oil analysis was conducted by near infrared spectroscopy. A Foss full scanning 6500 monochrom eter (Foss North America, Eden Prairie, MN) fitted with equations developed by the University of Minnesota using ISIscan software (Infrasoft Intl. LLC., State College, PA) and validated by Caltest, LLC. (Clifton Park, NY) was used. To ensure the availability of an appropriate sample, only plots yielding .300 kg ha 21 were used for protein and oil analysis. A critical element of this research was the development of a yield-based measure of IDC severity for each environment. This value allowed the creation of a mathematical model relating soil properties to IDC that could be applied to other environments. Iron deficiency chlorosis severity was deter mined to be best estimated by the yield of the most susceptible genotype (Stine 1007-4) relative to the yield of the most IDCtolerant genotype (Asgrow AG0801). This value best repre sents actual IDC severity for each environment because it uses actual grain yields and includes measures of both IDC severity and overall yield potential. A step-wise regression was used to create a linear model for location soil properties that best correlated with the observed IDC severity of each environ ment. The regressional analysis used all soil properties shown in Table 1 vs. IDC severity of each environment to create a best fit model. The resulting linear model provides an IDC index value for any soil based on common soil chemical factors.
Visual IDC scores as well as seed yield and quality values from all 10 genotypes were used in all statistical analyses and results reported here except in the creation of the IDC index described above, which used only yields of the most suscep tible and tolerant genotypes. All analysis of variance (ANOVA), correlation, and regression analyses were performed with GLM, CORR, and REG procedures, respectively, using SAS v. 9.1 (SAS Institute, Cary, NC). Environment and genotype within environment means were compared with Duncan's multiple range test. Sources of variation, means, and correla tions were declared significant at P # 0.05. During stepwise regression a significance level of 0.15 was used for selection and removal from the regression model.
RESULTS
All locations had adequate soil phosphorus (P) and potassium (K) fertility, except the location corre sponding with Environment 7 which had a low soil test P level (Table 1) . Although previous research has not provided perfect causal relationships between individual soil properties and soybean yields under IDC condi tions, the majority of IDC research with soybean has pointed to one or more factors (pH, calcium carbonates, salts, or DTPA-extractable Fe) as the primary drivers of this disorder. In the research described here, all locations had calcareous soils with pH . 7.8. Calcium carbonates were often high (.40 mg kg
21
) and several locations had EC levels that were .0.10 S m 21 . Based on these soil factors, all of these locations would be considered to be at medium to high risk for IDC in soybean (Hansen et al., 2003) .
Temporal Changes in Visual Iron Deficiency Chlorosis Severity
Although all locations were at risk of developing IDC based on previous history and soil test values, severity of IDC symptoms varied greatly among environments. Visual IDC ratings were recorded in early and late July (Scores 2 and 4, respectively) in all environments (Table 2) . Three environments produced uniformly green soybean geno types at the early June screening date (Score 2 5 1.0). By late July, two additional environments had average scores of 1.0 and one more had an average score of 1.1. Two environments were severely chlorotic at the time of Score 2 with average scores of $3.0, and three environments had average scores of $3.0 at the time of Score 4.
In 2002, visual IDC ratings were recorded at five times during the season from 21 June through 3 August for five environments (Fig. 1) . Average IDC scores for these sample dates indicate that the temporal variation in IDC symptoms varied slightly within and among environ ments. Symptoms tended to be most severe through the month of July and improved thereafter. An ANOVA for environmental, genotypic, and date of IDC Score indicated that while there was an environment by date of IDC Score interaction, there was not a genotype by date or genotype by date by environment interaction (Table 3 ). This suggests that although genotypic scores tended to change over time, the relative tolerance of genotypes within environments does not change.
Relative Importance of Year and Soil Properties to Environment
Because Environments 1, 2, and 3 occurred in the same production field in 2002, 2003, and 2004 , respec tively, they offered a unique opportunity to examine G 3 E interactions for IDC while minimizing the soil component of E. Soil chemical properties varied only slightly within this location over years ( Table 1 ), so that environmental effects were driven primarily by changes in weather patterns (Fig. 2) Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved. † Environmental mean of 10 genotypes (n 5 40). ‡ Tolerant 5 yield, protein, and oil concentration of AG0801 (n 5 4). § Susceptible 5 yield, protein, and oil concentration of 1007-4 (n 5 4). ¶ Score 2 was recorded between 1 July and 8 July in each environment. # Within the same column, means followed by the same letter are not significantly different (P 5 0.05). † † Score 4 was recorded between 20 July and 29 July in each environment. ‡ ‡ Relative yield 5 fractional yield of susceptible relative to tolerant genotype. § § IDC Index value.
and relatively stable across these environments over the In contrast with the effect on yield, there was a strong 3-yr study period (Table 2) , the ANOVA for these three G 3 E interaction for visual IDC scores and quality environments (Table 4 , three environments at one traits across these three environments at one location. location) indicated there was a strong genotype effect Table 4 also shows an ANOVA of IDC scores, yield, on soybean yield without a significant G 3 E interaction.
and quality trait effects across all environments (13 enEnvironment itself was nearly significant (P 5 0.0572).
vironments). The main effects of environment and genotype were significant for all dependant variables To further analyze whether genotypic responses to stresses induced by IDC may be stable across environments with similar soil properties, environments with IDC index values within the range of those found in locations 1, 2, and 3 (i.e., locations 4 and 5) were analyzed as a group with envi ronments 1 to 3 to examine G 3 E interactions. Similar to the results from the single location analysis (Table 4 , three environments at one location) and in contrast to the full analysis (13 environments), this combined analy sis (five environments) showed no G 3 E interaction for seed yield. As in other analyses, quality factors and visual IDC ratings did show interactive effects between geno type and environment. When environments were grouped and analyzed based on severity of visual IDC (Cianzio et al., 1979) where 1 5 green and 5 5 severe chlorosis with some necrosis for each environment, and are means of 10 genotypes and four replications 6 SE (n 5 40).
Scores were recorded on 21 June, 3 July, 12 July, 24 July, and 3 August.
Environment (E)
,0.0001 Date of score recording (D)
,0.0001
Score 4 correlated with soybean protein and oil relatively poorly (albeit significantly in three of four instances).
70
Examining correlations within environments and geno types provides additional information about IDC's poten 60 20
Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved. tial effects on yield and quality traits (Table 5) . Of 10 environments exhibiting IDC symptoms at the time of IDC Score 2, only five showed a significant (P , 0.05) negative correlation between yield and Score 2. This number increased to seven of seven environments exhib iting significant IDC symptoms at the time of Score 4. Likewise, 8 of 10 genotypes showed significant correlations between Score 2 and yield. This number increased to 10 at the time of Score 4. Score 4 was significantly correlated with protein and oil concentration when analyzed across environments and genotypes, however, when analyzed A Predictive Iron Deficiency Chlorosis Index scores alone, all combinations of environments resulted in significant G 3 E effects for all dependant variables (data not shown). When analyzed across all genotypes and environments, soybean yield, seed quality traits, and visual IDC scores tended to correlate with one another in a predictable manner (Table 5 ). Protein and oil were positively and negatively correlated with seed yield, respectively, while these components were negatively correlated with one another. The sum of protein plus oil negatively correlated with seed yield. Iron deficiency chlorosis Score 2 and Score 4 were both negatively correlated with seed yield, but Score 4 appeared to predict seed yield effects of IDC slightly better. Although protein and oil were correlated with yield, as were the visual IDC scores, Score 2 and
The best measure of IDC severity of individual environ ments was determined to be the yield of the most IDC susceptible genotype (Stine 1007-4) relative to the yield of the most tolerant (Asgrow AG0801) ( Table 2 ). This IDC severity measure removed much of the influence of non-IDC yield affecting factors that would have been present when using yields of individual genotypes or mean yields of all genotypes. A predictive IDC index was calculated for each environment by using this relative yield measure as the dependant variable and soil chemical factors as the inde pendent variables through a step-wise regression. Soluble salts, CaCO 3 , and DTPA-extractable Fe were found to best describe the variation in the IDC severity between envi ronments by the following relationship: ,0.0001 † P 1 O, the numerical sum of protein and oil concentrations. ‡ Environments 1, 2, and 3 were combined for this ANOVA. These environments were located in the same production field in 2002, 2003, and 2004 . § Environments 1 to 13 were combined for this ANOVA. These environments represent all environments examined. ¶ Environments 1, 2, 3, 4, and 5 were combined for this ANOVA. These five environments had similar IDC severity ratings (between 0.58 and 0.79) as shown in Table 2 . ----1 0 1 genotypes † P 1 O, the numerical sum of protein and oil concentrations. ‡ Pearson correlation coefficient for independent variables examined across all environments and genotypes. § Probability of a larger r value for independent variables examined across all environments and genotypes. ¶ Number of significant (P # 0.05) environments (of 13) when variables were examined by environment. The 1 and -symbols represent the number of environments where the two independent variables were positively and negatively correlated, respectively. † † Number of significant (P # 0.05) genotypes (of 10) when variables were examined by genotypes. The 1 and -symbols represent the number of environments where the two independent variables were positively and negatively correlated, respectively.
equivalent alone provided an r 2 of 0.51, while the second step combined CaCO 3 and DTPA-extractable Fe concen trations to produce an r 2 of 0.67. Together CaCO 3 , DTPA extractable Fe concentrations and EC produced a highly significant r 2 of 0.77 (P , 0.0001).
DISCUSSION
Iron deficiency chlorosis is an important soybean production problem in the upper Midwest of the USA (Hansen et al., 2004) , that can be partially overcome by variety selection Johnson, 2001, 2000) . How ever, soybean producers often report that varietal ratings from public testing programs and from the private seed industry are not predictive of performance in their own fields. This may be a result of variety evaluations in too few years or locations. This study set out to examine G 3 E affects of IDC on soybean to better understand the relative importance of soil and other environmental im pacts on genotypic responses to IDC.
Soybean breeders and those evaluating released varieties have been concerned about the timing of visual IDC scoring in IDC screening trials. The apparent lack of a genotype by date of scoring effect in this study indicates that relative genotypic tolerance is not affected by the date of the score. However, this study does show that IDC scores recorded in late July (Score 4) correlate slightly better with soybean yield than those recorded in early July (Score 2). While IDC scores were significantly correlated with yield overall, this relationship was not a perfect one. Varietal screening should include yield test ing when possible.
While research studies of IDC have focused on soil factors, anecdotal evidence has indicated that weather patterns play a very large role in this disorder. Farmers complain that IDC is highly variable from year to year. This complicates variety selection for the producer as they are unsure as to the severity of IDC in the upcoming year. Hansen et al. (2003) found soil moisture content to be positively correlated with IDC symptoms in producer fields, indicating that yearly variations in rainfall patterns could affect IDC symptoms. If weather does affect IDC, the larger question becomes: Do weather and genotypic effects interact so that the relative IDC tolerance of genotypes changes over years? Results from one location studied in 3 yr implied that weather effects do not greatly affect the relative performance of genotypes impacted by IDC. Moreover, when the analysis was expanded to in clude other locations with similar soil properties, a con tinued lack of G 3 E interaction indicated that similar soils affect genotypes in the same way even when these soils are a part of distinctly different environments. Conversely, when environments were grouped and analyzed simply by visual IDC severity rather than by soil factors (data not shown), large G 3 E's were identified. This indicates that visual IDC severity of a location alone is not a good predictor of future varietal performance.
The large G 3 E interaction for soybean yield found when all environments were analyzed together, and the apparent lack of a year effect from the analysis of one location over 3 yr, indicates that soil chemical properties have a significant effect on not only IDC severity but also on the manner in which individual genotypes may respond to this stress. This solidifies the notion that variety evaluation for IDC must occur on multiple IDC prone locations with varying soil chemical factors. A broad range of soil chemical backgrounds is important when multiple locations are chosen for variety evalua tion. Therefore, it is important to use soil-test data (rather than simply historical visual IDC severity) when selecting locations. The importance of evaluating geno typic tolerance over multiple years was not borne out by this work. Alternatively, the apparent lack of a year effect indicated that varieties that yield well in individual IDC prone production fields are likely to continue to perform well for producers over several years.
In support of Froehlich and Fehr (1981) who found that IDC did not affect soybean seed protein or oil Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
concentration, this study was unable to provide evidence that protein and oil concentration are directly impacted by IDC. Large environmental effects on seed quality may be due simply to year effects (temperature and rainfall), while large genotypic effects are likely due to genetic protein and oil potentials rather than IDC tolerance, per se. The highly significant G 3 E effect on seed quality may imply that IDC is acting to differen tially affect genotypic protein and oil concentrations directly, but this study did not identify other indicators of this. Although protein and oil were positively and nega tively correlated, respectively, with IDC scores taken in late July, regression coefficients were relatively small (0.12 and 20.17) and few of the individual environments or genotypes showed significant correlations when these factors were analyzed independently. It is likely that protein and oil are simply autocorrelated to score through their relationship with yield.
This study provided an IDC forecasting model based on commonly analyzed soil chemical properties and derived from the relative yield of a moderately IDC tolerant and an IDC-tolerant genotype. While this model does not have general applicability across all moderately tolerant/tolerant genotypic pairs, it does provide a nu merical prediction of future IDC severity of an individual location based on three commonly tested soil factors (EC, CaCO 3 , and DTPA-extractable Fe). A location with an IDC index of .1.0 would not likely be impacted by IDC, as moderately tolerant varieties would be expected to be as productive as highly tolerant ones. Alternatively, a location with an IDC index of ,0.5 is likely to exhibit strong IDC symptoms, as a moderately tolerant variety would be expected to yield less than half that of a highly tolerant one. This field should be planted to only the most tolerant genotypes available.
